Prediction of jacking forces has been well-established for pipe-jacking drives 3 traversing soils. However, the accrual of jacking forces for drives negotiating weathered rock 4 formations has not been well understood. Three pipe-jacking drives in Kuching City, 5
INTRODUCTION 32
The understanding of pipe-jacking forces is critical in project planning and cost estimation 33 of underground infrastructure projects. Such was the case in the installation of 7.7 km trunk 34 sewerage pipelines within the central business district of Kuching City, Malaysia. The 35 microtunneling works traversed the young pre-upper carboniferous Tuang formation, 36 characterized by tightly folded, highly fractured lithological units of shale, phyllite, and 37 sandstone (Tan, 1993) . 38
As a result of the highly fractured geology, the extracted rock cores were scarcely intact. 39
The majority of recovered cores from the studied pipe-jacking drives had Rock Quality 40 Designation (RQD) values of zero. Intact rock core lengths are necessary for common rock 41 strength tests, such as uniaxial compression strength (UCS), and point load. The lack of intact 42 rock cores created challenges in assessing the in-situ strength parameters of the highly 43 fractured weathered rock lithological units. The situation was made worse as in-situ 44 pressuremeter tests were not locally available and were not budgeted during the investigation 45 stage of the project. As rock strength parameters were essential in the prediction of jacking 46 forces, the lack of any reliable rock strength values impeded further efforts in assessing 47 jacking loads accrued during pipe-jacking works. 48
The work described in this paper was motivated by the need to characterize rock mass 49 strength of the various highly fractured lithological units found within the Tuang Formation 50 in Kuching City. Hence, a novel approach by reconstituting tunneling rock spoils obtained 51 during the construction stage of the project was proposed to characterize the rock strengths 52 for subsequent use in the back-analysis and prediction of jacking forces. The use of tunneling 53 rock spoils for the purpose of back-analyzing jacking forces was explored (Choo and Ong, 54 2012 , 2014 , 2015 , where rock spoils from tunneling works were reconstituted and scalped 55 for direct shear testing. Based on field measured jacking forces, the direct shear test results of 56 3 c' and ϕ' were applied to a well-established empirical jacking force predictive model (Pellet-57 Beaucour and Kastner, 2002) to reliably back-analyze soil-pipe frictional coefficients. 58
In this paper, finite element analysis was used as a tool to assess the reliability of applying 59 the strength parameters obtained from direct shear testing to predict jacking forces and 60 compare against corresponding field measured values. 61
Direct shear testing 62
Iscimen (2004) developed an apparatus capable of measuring soil-pipe interface shear 63 stresses for curved surfaces, such as that on the outer peripheral of jacked pipes. The 64 apparatus was outfitted with interchangeable inner walls to allow for testing at different pipe 65
curvatures. Various sands were tested against pipes made from different materials. The soil-66 pipe interface strength was found to increase with surface roughness, up to an upper limit 67 "critical roughness", beyond which the influence of surface roughness on shear strength value 68 was negligible. This value corresponded with the internal shear strength of the soil. This 69 observation was similar to that made by Kishida and Uesugi (1987) . The study found that 70 particle shape greatly affected the soil-pipe interface shear strength, with angular particles 71 exhibiting stronger interlocking than sub-rounded particles, and this is an important 72 observation for the work presented in this paper as both argillaceous and arenaceous 73 materials are tested. 74 Staheli (2006) conducted interface direct shear testing on various commonly available pipe 75 materials, using sands. Interface friction values were developed from the tests and applied to 76 field case studies for comparison. From analyses of the measured jacking forces for 77 unlubricated sections of the case studies, a frictional pipe-jacking force model was developed 78 to estimate normal stresses acting along the pipeline. The pipe-jacking force model was based 79 on Terzaghi"s arching theory. However, usage of the model is restricted to unlubricated pipe-80 4 jacking drives. The work showed that the direct shear test is capable of obtaining useful 81 strength parameters for the assessment of jacking forces in unlubricated pipe-jacking drives. 82 Shou et al. (2010) conducted a simple large scale frictional experiment to test the frictional  83 properties of various lubricants. A discrete lubricating layer was introduced between a 84 concrete block and a soil mass. This would simulate the soil-pipe interaction in pipe-jacking 85 at the pipe invert. It was found that the combination of plasticizer with polymer was most 86 effective in reducing jacking forces due to frictional resistance. The findings from the large 87 scale frictional test were applied to two sections (one linear and one curved) of a pipe-jacking 88 case study in Taiwan. The analyses of jacking forces using frictional coefficients from the 89 experiment resulted in overestimation of the jacking forces when compared against site 90 measurements. This discrepancy was attributed to overestimation of the soil-pipe contact 91 area. Shou et al. (2010) showed that the direct shear test can be used to assess jacking forces 92 for lubricated drives. 93
Choo and Ong (2015) evaluated pipe-jacking forces accrued through drives in highly 94 fractured and weathered rock. Equivalent strength parameters based on nonlinear power law 95 functions were obtained from direct shear testing of reconstituted tunneling rock spoils. 96
These strength parameters were subsequently applied to a well-established jacking force 97 model by Pellet-Beaucour and Kastner (2002) . Interpreted values of frictional coefficient, μ avg 98 for various weathered lithological units were analyzed against jacking forces, lubrication 99 patterns and stoppages for consistency. The authors found that the use of reconstituted 100 tunneling rock spoils was reliable in the analyses of jacking loads for drives traversing 101 weathered rock formations. Hence, the use of finite element modeling in the current paper is 102 a natural extension of the established work by Choo and Ong (2015) . 103
The various studies presented above that involve interface friction and soil-structure 104 interaction have clearly indicated that direct shear testing can be used to study jacking forces. 105 5 The applicability of direct shear testing allows for the characterization of rock strength during 106 the construction stage, and subsequent back-analyses of measured jacking forces. This is 107 significant in light of the unavailability of in-situ testing methods (such as the pressuremeter 108 test) during the early investigative stage of the project. The suitability of using direct shear 109 test results from reconstituted tunneling rock spoils for the back-analyses of jacking forces 110 can be validated through 3D finite element analysis. 111
Jacking force models 112
Jacking force models are typically dependent on the geology traversed during pipe-jacking 113 (Chapman and Ichioka, 1999; Osumi, 2000; Staheli, 2006) . The majority of these models are 114 well-developed for predicting pipe-jacking forces when traversing soils. Such models usually 115 rely on the shear strengths of the traversed geomaterials, which are typically characterized by 116
the Mohr-Coulomb model. Frictional coefficients for different combinations of soil-pipe 117 materials are often developed empirically. There are very limited provisions made for 118 strength characterization and values of frictional coefficients for pipe-jacking involving rock-119 structure interaction. This study proposes a novel method for obtaining equivalent rock 120 strength properties for use in the analysis of jacking forces using a well-established jacking 121 force equation developed by Pellet-Beaucour and Kastner (2002) . oriented to the tunnel perimeter. The soil stresses acting normal to the trap door (or tunnel in 131 this case) are relaxed, thus reducing the contact stresses on the outer surface of any installed 132 structure, i.e. jacked pipes in a microtunneling operation. The model developed by Pellet-133 Beaucour and Kastner (2002) was preferred for use in this paper due to its consideration of 134 arching effect. This predictive jacking force model is shown in Eq. (1), 135
in which F is the total frictional jacking force; L is the pipe span; D e is the outer pipe 137 diameter; σ EV is the vertical soil stress at the pipe crown; γ is the soil unit weight; and K 2 is 138 the thrust coefficient of soil acting on the pipe, with a suggested value of 0.3 (French Society 139 for Trenchless Technology, 2006) . μ is the coefficient of soil-pipe friction, given in Eq.
(2) as 140
where δ is the soil-pipe friction angle. Previous studies have empirically assumed δ to be half 142 the internal soil friction angle, ϕ (Sofianos et al., 2004; Staheli, 2006) . More realistically, 143 Stein et al. (1989) recommended values of µ for various states of friction encountered during 144 pipe-jacking. In lubricated drives, µ was recommended to be between 0.1 -0.3. Various 145 studies have used these values of µ as a basis for identifying lubricated drives through soil 146 and rock (Barla et al., 2006; French Society for Trenchless Technology, 2006; Pellet-147 Beaucour and Kastner, 2002) . 148
The vertical soil stress at the pipe crown, σ EV is determined by the soil cohesion, C; the 149 soil internal friction angle, ϕ; the lateral earth pressure coefficient, K; h is the soil cover from 150 the ground level to the pipe crown; and the influencing soil width above the pipe, b; 151
(4) 153 σ EV is derived from Terzaghi"s limit equilibrium approach for estimating the vertical stresses 154 acting on the roof of a tunnel (Terzaghi, 1943) . The excavation of a tunnel was synonymous 155 with the deflection of a trapdoor beneath a sand mass. The creation of a tunnel results in 156 localized stress redistribution around the tunnel, which could result in a decrease in vertical 157 stresses at the tunnel roof. This reduces the normal stresses acting on the pipe crown, 158 resulting in reduced frictional jacking forces. The understanding of σ EV is therefore significant 159 in anticipating the magnitude of jacking forces. The formulation of σ EV shows a dependence 160 on Mohr-Coulomb (MC) strength parameters, c' and ϕ'. These MC parameters are difficult to 161 evaluate as the rock cores extracted from the Tuang Formation were highly fractured. 162
Arching ratio 163
From Terzaghi"s trapdoor experiment, several studies have been conducted to quantify the 164 effects of arching. McNulty (1965) , 2011; Deb, 2010; Han and Gabr, 2002; Ye et al., 2012) . Abbott (1967) theorized a 175 similar formulation for arching ratio applied to buried structures, given as 176
where A σ is the arching ratio; p t is the total average axial stress carried by structure; p o is the 178 static overpressure; and p a is the average axial stress sustained by structure due to arching. where AR is the arching ratio; Δσ v is the change in vertical stress during tunneling; and σ vo is 183 the total overburden pressure. These equations will be subsequently used to verify the 184 presence of arching in the various pipe-jacking drives presented in this study. 185
STRENGTH CHARACTERIZATION OF RECONSTITUTED TUNNELING 186

ROCK SPOILS 187
During soil investigation works, rock cores were extracted from boreholes located at the 188 pipe-jacking shafts along the fractured and highly weathered Tuang Formation in Kuching 189
City. The extracted rock cores revealed very low RQD values. Ong and Choo (2011) reported 190 similar observations during rock coring for a separate project sited also in the Tuang 191 Formation. Thus, the use of reconstituted tunneling rock spoils for the development of 192 strength parameters was examined. Such work has been conducted by Choo and Ong (2015) . 193
Samples of tunneling rock spoils were sourced from pipe-jacking sites in Kuching City, 194 which traversed sandstone, phyllite, and shale. Tunneling rock spoils were collected from 195 decantation chambers, which screened slurry for coarser crushed spoils. The tunneling rock 196 spoils were products of the excavation at the face of the microtunneling boring machine 197 9 (MTBM), and subsequent crushing in the crushing cone of the MTBM. Preparation of 198 specimens for direct shear testing required the removal (or scalping) of grains with sizes 199 exceeding a tenth of the thickness of the test specimen (Head, 1992) . 200
The scalped tunneling rock spoils were subjected to strain-controlled drained direct shear 201 tests in accordance with ASTM D 3080 (2003) 
where A and B are constants. However, the jacking force model (see Eq. (1)) and the 211 estimation of vertical stresses due to arching (see Eq. (3)) still required the use of MC 212 parameters. Thus, the "generalized tangential" method was used to develop MC parameters 213 from the nonlinear data obtained from direct shear tests (Yang and Yin, 2004) . The direct 214
shear test results and interpretation of tangential MC parameters are shown in Fig. 1 . 215
BACK-ANALYSES OF PIPE-JACKING FORCES 216
Three underground pipe-jacking drives were studied and analyzed by Choo and Ong 217 (2015) . The drives traversed through lithological units of sandstone, phyllite, and shale at 218 various depths. By applying the "generalized tangential" technique on earlier direct shear 219 testing of tunneling rock spoils, MC parameters were derived for the back-analysis of 220 frictional coefficient, μ avg in the studied drives using Eqs. (1) Table 1 ). The MC parameters 227 applied to the surrounding rock mass (Eq. (3)) were C = c' p = 50.8 kPa and ϕ = ϕ' p = 47.8°. Table 1 ). From the direct shear tests on 242 reconstituted phyllite spoils (i.e. C = 57.8 kPa and ϕ = 44.3°), the calculated σ EV was -22.3 243 kN/m 2 (Choo and Ong, 2015) . Similar to Drive A, the calculated σ EV implied a high degree of 244 arching over the pipe-jacking drive. Subsequently, the back-analyzed µ avg was 0.068, 245
suggesting the drive through phyllite was well-lubricated. This was verified by the high 246 volumes of injected lubricant utilized for this drive, at 181 L/m compared to a theoretical 247 11 overcut volume of 113 L/m. The saturation of the overcut region with lubricant ensured a 248 discrete lubricating layer, allowing for the reduction of rock-pipe interface shear stresses, and 249 the suspension of the jacked pipeline within the bored tunnel. Suspension of the jacked 250 pipeline reduced the rock-pipe contact area, thus further reducing jacking forces. 251
For Drive C in shale, the average measured jacking forces were 81.1 kN/m (see Table 1 ), 252 which were the highest jacking forces observed among the studied drives. The estimation of 253 vertical stresses on the pipe crown resulted in a σ EV of 11.7 kN/m 2 (Choo and Ong, 2015) . In 
NUMERICAL ANALYSES OF PIPE-JACKING FORCES 272
3D finite element analysis was conducted to study the accrual of rock-pipe interface shear 273 stresses through the simulation of typical spans along the studied drives. The analysis was 274 performed using PLAXIS 3D, a commercially available finite element software package 275 developed specifically for 3D analyses (Plaxis bv, 2013). 276
Finite element mesh 277
The finite element model used to simulate the observed pipe-jacking drives was 30 m wide 278 (x-direction transverse to pipeline), 20 m long (y-direction longitudinal to pipeline) and 30 m 279 deep (z-direction), as shown in Fig. 5 . The rock and soil masses were modeled using 10-node 280 tetrahedral elements, with the pipeline modeled using 6-node plate elements. 12-node 281 interface elements were used to model rock-pipe interaction. Standard fixity conditions were 282 applied to the boundaries. Full fixity was applied to the bottom face to restrain movements in 283 all directions, with rollers applied to the vertical faces to restrain movements in the horizontal 284 plane. 285
Rock properties 286
The rock masses in the studied drives were assigned an elastic-perfectly plastic 287 constitutive model, utilizing the MC failure criterion. It is recognized that other improved 288 models are available for modeling of rock masses, such as the nonlinear Hoek-Brown failure 289 criterion. However, the MC failure criterion was chosen to allow for parity with the stipulated 290 where E M is the stiffness of the rock mass; RMR is the rock mass rating (Bieniawski, 1979) ; 300 and Q is the rock mass quality, which is a function of various rock joint properties including 301 RQD (Barton et al., 1974) . Due to the highly weathered nature of the geology along the 302 studied drives, an RQD value of zero was assumed. This resulted in a rock modulus value of 303 7.1 GPa (see Tables 2, 3 & 4) . 304
In Eq. (3), Pellet-Beaucour and Kastner (2002) assumed constant isotropic conditions (K = 305 1 and K 0 = 1) for the soil above the tunnel. Hence, isotropic conditions were maintained for 306 the numerical analyses conducted hereinafter to allow for a comparable simulation against the 307 back-analyzed jacking forces. 308
Pipeline, and rock-pipe interface properties 309
The diameters of the modeled concrete pipelines are given in Table 1. The modeled  310 pipelines were 20 m long in the y-direction, and penetrated the finite element model, where 311 both ends of the modeled pipelines were flushed with the vertical model boundaries. Fixities 312 at the front end of the pipelines were subsequently released to allow for longitudinal 313 displacements of the pipeline, which was simulated by applying displacements at the tail ends 314 of the pipelines. The concrete pipelines were regarded as rigid bodies by artificially 315 increasing its elastic modulus. This was reasonable as the concrete pipeline has high stiffness 316
relative to the surrounding rock-pipe interface (Tian et al., 2014; Wang, D et al., 2009; Zhang 317 et al., 2013) . The rigid pipeline would facilitate the segregation of the stresses due to pipe 318 compression from the jacking forces. 319 14 For numerical modeling of pull-out tests, Yin et al. (1995) suggested an interface tension 320 modulus, E" = 1 kPa for sliding failure associated with the deformation of a soil-structure 321 interface. The low value of E" was assigned so as to simulate separation of the interface 322 when subjected to tensile stresses. A similarly low value of tangential interface modulus, E t = 323 17.4 kPa was used for a study of interface elements in pull-out tests which underwent large 324 shear deformations (Wang, X and Wang, 2006) . For the rock-pipe interface elements used in 325 this study, a similarly low value of interface modulus, E inter = 1,000 kPa was used. 326
The rock-pipe interface strength properties can be obtained from 327
(12) 329
given that τ i is the rock-pipe interface shear strength; σ' n is the effective normal stress acting 330 on the rock-pipe interface; ϕ i is the interface friction angle; and µ avg is the back-analyzed 331 average frictional coefficient, obtained from earlier back-analyses of jacking forces. The 332 material properties in the respective drives for soil, rock, rock-pipe interface and pipeline are 333 shown in Tables 2, 3 and 4. 334
Modeling of pipe-jacking process 335
All drives were modeled in three stages: 336
Stage 1 -Application of initial stress conditions. 337
Stage 2 -Wish-in-place pipeline, and activation of rock-pipe interface elements. 338
Stage 3 -Application of displacements at tail-end of pipeline. 339
In Stage 1 the generation of initial greenfield stress conditions was performed through the 340 assignment of soil material properties, groundwater levels, K 0 condition, and model boundary 341 conditions. Plate elements and interface elements were present in this stage, but were 342 deactivated. 343
15
In Stage 2 the plate elements were then activated. It was assumed that 20 m of the pipeline 344 had already been installed into the block of elements, thus ignoring any installation effects. 345
The soil elements within the pipeline were deactivated at this stage. Water conditions within 346 the pipeline were also set to dry, removing the effects of hydrostatic pressure within the void 347 pipeline. Subsequently rock-pipe interface elements were activated. 348
Techniques for modeling of tunnels include the deactivation of unsupported soil elements 349 (Chen et al., 2011) , or the volume loss control method through the prescription of surface 350 contraction along the modeled pipeline (Potts and Zdravković, 2001) . Such techniques are 351 typically applicable to the excavation of NATM tunnels, or large diameter mechanized 352 tunneling. When these modeling methods are applied to the simulation of pipe-jacking drives, 353 the convergence issues are often encountered particularly due to the high deformations of the 354 interface elements. Hence, it was proposed for the pipeline to be "wished-in-place" in order to 355 negate convergence issues. The effects of arching would be considered subsequently, when 356 the finite element modeling results are being analyzed in detail. 357
In Stage 3 horizontal (y-direction) displacements were applied at the tail end of the 358 pipeline. Fixities at the front end of the pipeline were released by introducing displacements 359 along the periphery of the plate elements at the front. This was done to facilitate movement of 360 the pipe beyond the boundaries of the soil block. 361
Analysis of results from numerical simulation 362
The displacements of plate elements representing the pipeline are shown in Fig. 6 . All 363 pipeline elements in the three simulated drives were displaced uniformly by 100 mm in the y-364 direction through the prescription of displacements at the tail end of the pipe. The 365 exaggeration of pipe stiffness allowed for the modeled pipeline to be displaced evenly, 366 mitigating any effects of pipe compression on the rock-pipe interface shear stresses. The 367 displacement of 100 mm was sufficient for the interface elements to achieve yield (Fig. 7) . 368 16 Fig. 8 shows the distribution of interface shear stresses for Drive B, with similar observations 369 made for Drives A & C. The distribution of interface shear stresses, τ 1 was uniform along the 370 longitudinal cross-section of the modeled pipeline, with the exception of interface elements at 371 the ends of the pipeline. This was due to end effects, resulting from the discontinuity of 372 interface and soil elements at the pipe ends (Plaxis bv, 2013). Radial distributions of τ 1 at the 373 cross-section of the pipeline taken at mid-span of the pipeline were also uniform for all 374 simulated drives. Fig. 9 shows the radial distribution of τ 1 for Drive B, with similarly uniform 375 distributions observed for Drives A & C. This demonstrates the consistency of the finite 376 element modeling technique. 377
Aside from the pipe ends, the uniformity of interface shear stresses elsewhere indicated 378 that all interface elements had reached plasticity. Plasticity is significant in the modeling of 379 pipe-jacking works as most jacking force predictive models assume no change in frictional 380 resistance with displacement when tunneling through homogeneous geological conditions. 381
Plasticity of the interface stresses can be verified using the appropriate overburden pressure 382 acting on the pipe crown, with the back-analyzed frictional coefficient, μ avg (see Eqs. 11 & 383 12) . 384
With the reliability of the finite element modeling technique developed herein, the issue of 385 considering arching effects remains to be addressed. The pipe-jacking force model 386 established by Pellet-Beaucour and Kastner (2002) relies on the effect of arching in order to 387 determine the vertical stresses acting on the pipe crown, σ EV (see Eq. (3)). Arching reduces 388 the soil stresses acting normal to the peripheral of the pipe crown, thus reducing the frictional 389 interface shear stresses. This reduction in rock-pipe interface shear stresses due to arching can 390 be reflected by applying an appropriate arching ratio to the interface shear stresses, τ 1 391 computed from the earlier finite element modeling. For pipe-jacking works, the arching ratio 392 can be expressed as the change in soil stresses due to tunneling in relation to the total 393 overburden pressure (see Eq. 7). By considering the pipe-jacking force model (see Eqs. (1) where τ 1 is the interface shear stress tangential to the direction of displacement (y-direction). 401
The resulting calculated jacking forces for the studied drives are shown in Table 5 , and were 402 subsequently compared against the respective measured jacking forces, JF meas . This shows 403 reasonable agreement between the calculated jacking forces from numerical modeling against 404 the jacking forces measured in-situ, i.e. error of between 15% and 25%. Further verification 405 was conducted by examining the reaction forces on the prescribed displacements, given that 406 where JF Fy,cal is the jacking force calculated from reaction forces; ΣF y is the reaction force on 408 prescribed displacements; and L is the pipe length. The jacking forces, JF Fy,cal derived from 409 the reaction force, ΣF y were also in reasonable agreement with the average measured jacking 410 forces, JF meas (see Table 5 ). 411
For each modeled drive, the stress fields were statically admissible since the reaction 412 forces, ΣF y were in equilibrium with the interface shear stresses, τ 1 integrated along the outer 413 surface area of the modeled pipeline (see Table 5 ). This state of equilibrium was achieved 414 with the elastic-perfectly plastic MC failure criterion adopted for the interface elements, 415
where the yield criterion was not exceeded. Hence, the solutions resulting from finite element 416 18 modeling are considered lower bound. During tunneling, the traversed geology was crushed 417 into tunneling rock spoils, resulting in the significant loss of cementation in rock mass. 418
Hence, the use of strength parameters obtained from testing on the tunneling rock spoils 419 further reinforces that the results from finite element modeling were lower bound solutions. 420
This resulted in the underestimation of measured jacking forces obtained from the finite 421 element modeling. This underestimation of measured jacking forces could also have been 422 attributed to the assumption of average uniform conditions along the studied drives, such as 423 lubrication and rock-pipe contact across the modeled drive. However, this assumption was 424 necessary in order to draw parity with the jacking force model (Eqs. 1 & 3), which considers 425 jacking forces to be uniform along homogenous geological conditions. In reality, the 426 distribution of lubrication and rock-pipe contact are expected to fluctuate, resulting in 427 variations of jacking forces (see Figs. 2, 3 & 4) (Marshall and Milligan, 1996) . 428
Direct shear test results, c' p & ϕ' p and back-analyzed frictional coefficient, µ avg have been 429 successfully applied to three pipe-jacking drives. The application of these parameters has also 430 been conducted using 3D finite element modeling technique to assess the reliability of these 431 parameters for the assessment of pipe-jacking forces through the highly fractured and 432 weathered geology of the Tuang Formation in Kuching City, Malaysia. The jacking forces 433 derived from numerical modeling have shown reasonable agreement with the measured 434 jacking forces, demonstrating the reliability in using the tangential strength parameters 435 developed from direct shear tests on reconstituted tunneling rock spoils. 436
CONCLUSIONS 437
A novel approach was proposed for the assessment of pipe-jacking forces in highly 438 weathered and fractured geology, involving the reconstitution of tunneling rock spoils for 439 direct shear testing. The tunneling spoils were assessed for geotechnical strength properties 440 using a "generalized tangential" technique to allow for the application of the nonlinear test 441 
